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Q_eot . - Tu develop a method of obtaining gas temperatures
from the fiquency of lnmck-induoed gas vibrations in an internd-
oombusti(m eaglne cylinder.

Soope. - Measurements were made of’the frequency of knock-
Induoed,gas vlbrationa In a CI?Royl.hder. The var:atlon of t-his
frequency with fu.el-alrratio, inlet-air tem:xn?ature,and spark
advance was detezminod. Comparls(ulswere also made M frequencies
obtained using u slnwuded end an unshrouded intake valve and o.?
frequenclos obtained when the charge NEW i’lredml) OJIalternate
engine oyc19s. In o’)tainingtempx.tuxes frmn tinei%equensy data,
the gas-vibration waves were assumed to be propagated at sonic
veloclty. The oomptisltlonuf the products of combustlun and the
ratio of specific heats of those prcducts were coquted as fulctims
of fuel-air ratio and ternyerature,and the result~ng data were used
in calculating temperatures from frequenoy data. The fre~~enoy-
derlved temperatures were compared with temperatures calculated from
presmre data, with temperatures obtained from thernndynamlo oharts,
with temperatures Indloated by a thermal plug placed In a spark-plug
hole, and with temperature obtained by the speotral-linereversal
methcd by other Investigators.

Sulmnmy of results. - The resulte of this investigationmuy be
mummxrized au follows:

1. Temperatures calculated from frequenoy data were h agreement
with temperatures measured by the spectral line-reversalmethod in
previous-investigationsand
obtained from thermodynamic
pressure data were found to
derived temperatures.

~re ab&t 700° F lower than temperatures
charte. Temperatures obtained flmm peak-
Le In poor agreement tith flwquenoy..
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2. A maximum emor of only about 3.5 percent would be intro-
duced In temperatures calculated from frequency data if the -i-
ation of the mtlo of specific beats with fuel-air ratio and temper-
ature were neglected.

3. A maximum error of about 14 percent would be introduced In
frequency-derlvo~ temperatures if the variation of molecular weight
with fuel-air ratio were neglected. The varla:ion of molecular
weight with temperature, howev9r, is less
2500° and 50000 3’.

INTRODUCJ!ION

than 2 percent between

Despite extens:ve research In the field of knocking combustion,
the determination of the vmrlztion of the frequency of lmcck-induced
cyllnder gas vlbrntions with engine conditions haB received little
attention. As a new apprmch to such problems as the determination
of cylinder gqs temperatures and heat transfer &Lwlng the working
cycle, the
eating and
over other
under many
ment. The
course, be

measm’emnt of gas-vibration frequencies has many inter-
po~ont~ally vahwble possihllitles. It has an advantage
experirne.ntalmethods in that measurements may be made
operati.~ conditions with little special or compiex equlp-
Interpretatlon of vibration-frequency data wI1l not, of
entirely satisfactory until an adequate theory of cylhder

gas vibrations has-been fo.smula;odand its vaildlty checked with
svffictent experimental data. The present assumption tlaatthe vibra-
tion waves &-a pro-ted at equilibrl-~ sonic velocity Is obviously
not cap19tely eatisiiac+,ory.It iS klOWl t-~t SOUIldVelCCity iS
influenced by the dlesoc:atlon and recombination raactiona talking
place In the cyllnder gasas durin$ the ~erlod in which vibrations
occur. (See rt=fsrence1.) It :s also recognized t.h-tthe p5enolo-
eaon of heat-ca~city lag (se~ reference 2) may Influence sound
prow~tion. Experimental evidmce reported In references 3 and 4,
however, seems to indicate that to a good approximation the vlbratlon
waves followlng knock are propagated at equilibrium so~ic velocity
and that the portlm of the ~~es Involved In dissociation and
recombination reactions during the period of gm vibration is almost
negligibly small.

An examination of high-speed motion pictures of l.mockingcycles
by C. D. Miller of this labc~-storyIndicated that the shock wave
associated with knock Is initialiy propagated at sup~soaic sped.
The spmd of this initial sh~ck waTe during its firet traverszl of
the combustion chamber was, however, found on analysis to average
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about 3000 feet per second (see reference 5), whereas a rough esti-
mate of the velocity of sound, made on the basis of calculations
presented In ths present report, gives a value of about 3160 feet
per second,”whlch-indicatesthat-the Ihltlal shock is propagated at
supersonic speed for only a portion of the first traversal as the
chamber.

Experiments to detezmine the frequency and the duration of
combustion noises In a bonb and IQ an engine c~linder were re-ported
by Wawrziniok (reference 3) in 1933. The author recognized that
“the noise la a secondary phenomena of the gas vibrations in the
bomb” and that the frequency of the vibrations depended upon the
temperature of the gases and the dimensions of the combustlnn cham-
ber.

In 1934, C. S. Draper (reference 4) publlshed a report con-
taining a theoretical analysis, based upon the wave equation, of the
possible modes of gas vibration in a cylindrical chauiD9rtogether
with experimental data on the frequency of gas vibrations in an
a~.ine c;linder. Theoretical frequencies were calculated for the
assumed modes of vibrations from the eq~ilibriwn sound-velocity equa-
tion: the pressures and the densltles were obtained from pressure
cards and from f-uel-.rl.owand air-flow measurements, respectively.
The gas vibrations were recorded ky a photo~aphic oscllloHraph.
Gus vlbrntlons were lnduccflboih by exulosion of pistol ~imers and
by kl’10Ck.ThtImsasured froquoncies agreed closely w~th the calcu-
lated values.

In the procent investigationtho variation with fuel-ai.~ratio
of t~:efrequency of gas vibratlona under !MOCklng conditions haa been
de~ermfned
calculated
celcdatwd
reports of

for several engine conditions. Temperatures have bsen
from these frequencies aad are compmed with temperatur~s
from pressure data, fram thfirmodynamiccharta, and from
Invemtigatcrswho used the spectral-llne reversal method.

TaEoRY

In the calculation of gas temperatures from gas-vibration fre-
quencies, the equilibrium scund-velocity equation was combined with
the equation giving the possible frequencies of vibration of gases
in a flat-end cylinder (see reference 4):

n=c[~+f11’(1)

I .— —
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(2)

frequency, cycles per second

speed of propagation, feet per second

radiua of cylinder, feet

roots of [Ws(~r)/ti]r.a = 0 S = 0,1,2,...
.

Bessel’s function of first kind and sth order

distance from center of cylinder

o, 1, 2, . . .

height of cylinder chamber, feet

ratio of specific heats

gzs confitant,4.S73 x 104 foot-poundnls per mole per %

absolute Lemperatme, %?

molecular welgli~of cylinder charge

(Refinement of equation (2) fcr nonperfect
apperilx A.)

At the temperatures exlstln$ durln& the
gas vibrations only one mode of vibration in
frequencies below 10,000 cycles per Lwcond.

gases Is -presentedIn

period of kn~ck-induced
th9 CXR cylinder yields
This mode is also the

one-that would be efiected to be-most readily excited b~ knock; that
is, one having a single ncdal pressure p:ane at the diameter per-
pendicular to-the di&eter thr&@ the ~enter
knock OCCLUS. (See fig. 3(a), reference 4.)
tion, g= O and (%) = 1.841; equation (1)

n= c(l.841)/2xa

of the psltion where
For this mode of vibra-
then becomes:

(3)



F’
.. .

NACA

when

J%SRNO. E6A07

equations (2) and (3) are combined, there is obtained:

z= 4fi2a2n2 2=kn
. . ‘. ..(1.841)2 (4.973 X 104) ---

5

(4)

For the ~ cylinder

quently k = 4.297x

Because 7 and

ueed in these tests, a = 0.1354 foot; conse-

10-6mole-seconds2 % per pound.

M vary with the temperature and the compo-
sition of the cylinder charge, It Is necessary to evaluate th~ as
functions of temperature for several fuel-air ratios with consider-
able accuracy In order to be able to determine the temperatures from
equation (4). Since no data cf eufflcient accuracy were available
on the mixture of gases composing the pro&~cts cf combustion in the
temperature r-e of interest, the required values of 7 and M
were calculated from specific-haat data and i’rrmthe equilibrium
reactions of the constituent gases. The percentage composition of
the products of combustion for seveml fuel-air ratioe wae first
calculated by the method given in reference 6 and the specific heats
wera then weighted according to these calculated percentages. An
exposition of these calculations, tcgether with the references from
which the baalc data w~re obtainod, in given in apoendix B, me
rasulte of those calculations are summarized in figures 1 and 2 and
in tables I and II. The srec~f’icheats at zero premure c~, which

were used in the calculations) are plotted against temperature in
fi&lJW 3. An in~pection of tabla 11 and equation (4) shows that the
maximum error in temperatueg -lculated from fre~mncies would be
about 3.5 percent If the variaticn of 7 with temperature aud fuel-
air ratio werg neglected and &bout 14 percent If M ‘#areconsidered
consklt with respect to fuel-aLr rutio and terripfirature.

The relation between the four variables -fuel-air ratio, tem-
perature, frequency, and 7 -obtained by the calculations is
preeented in fiOure 4, The rxkurs of the relations between the
variables indicates that the frequency-averaged temperature will be
slightly lower than the average gm temperature. Since the
frequency-temperatuz-erelatiorlat ~nstant fuel-air ratio was almost
linear, the error tbue introduced was negligible.

DESCRIPTION OF APPMATUS AND TEST I!RO(Z?DURE

A supercharged (XT e-nginewas used for all tests. It was
equipped with a cylitier having three horizontal spark-plug holes
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and an auxiliary hole located ht the top and slanted at 25° to the
vertical. Dual ignition was used for all tests, and a shrouded
Intake valve was used for part of them to Improve the reproducibility
of lmocklng cycles. A schematic diagram of the cylinder, showing the
location of the spark plugs and the position of the shroud, Is pre-
sented In figure 5.

The following engine conditions were maintained during the tests:

Enginespeed, rpm. . . . . . . . . . . . . . . . . . . . . . .1800
Compresslonratiom . . . . . . . . . . . . . . . . . . . . . . 7.0
Olltemperature, OF. . . . . . . . . . . . . . . . . . . . . . 150
Coolant temperat’xre,OF. . . . . . . . . . . , . . . . . . . . 250
Inlet-air temperature, % . . . . . . . , . . , . . . 150, 200, 250
Spark advance, degrees B.T.C. . . . . . . . . . . . . . . . . 20, 30

The fuel ueed was AN-F-28, Amendment-2.

Pressure cards were obtained with a Farnboro pressure Indicator
with a thyratron circuit to provide the spark vcltage. (See refer-
ences 7 and 8.) The balanced-presmre-disk pickup used with this
Instrument was placed in hole B (fig. 5) when prescwre cards were
being taken. The average crank anqle at which knock occurred wae
recorded on these Irdicetor wrda with the aid of a contactor and
the thyratron clrcult. ThIe conta~tcr was set by obeervlng the
position on the oscilloscope screen of the impulse trace Induced by
the sparking of the thyratron circuit relative to the sudden ampli-
tude Increase of the vlhration trace at the time of hock. Pressure
data and the ave~ege crank angle of lmock occurrence were obtained
as a function of fuel-air ratio on the same day and under the same
engine conditions as each of the frequer.cy-datatests.

During tests run with a ehrouded valve, the variation with fuel-
air ratio of the mean cylindev gas temperature was determined by
placing a platinum to platinum-rhodium thermal plug (deactivatedwith
TEL) In hole A orB (fig. 5). The thernal-~lug leads vere connected
to a Brown self-balancing poteritioineterand readings were taken at
each of the data points at which gas-vibration traces were photo-
graphed.

Amagnetostriction p~.ckupwas placed In hole A or B (fig. 5) to
obtain gas-vibration tracee on an oQcillcscope screen, In prelimi-
nary teste a plezoelectric qaartz pickup and a diaphragm incluc~lon-
type pickup were ueed to check the frequencies obtained with the
magnetostrlctlcn ~ickup.
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In order to facilitate the study of the gas vibrations, the
ma43netostrictlonpiokup leads were pasaed to a 4,000 to 10,000 cycles
per second band-pase filter and the~ce to the oscilloscope. The,,....-.
engine-cycle pressure trace W& thus eliminated and”onlytbe premu?e
fluctuations due to gas vibrations havlIw frequemies In the pass ‘
band were visible on the oscllloeoope screen.

A 35-millimeter camera bavlng an f/1.9 maximum aperture was used
to photogra~ the vlbmtion traces appearing on the oscilloscope
screen. The shutter speed was so adsusted that the shutter would be
open for a period of time slightly greater than that of one complete
engine cycle. The horizontal sweep of the oscilloscope was swchro- .
nized with the engine cycles by means of a contacto~-operated by
gearl~ It to the crankshaft at a ratio of 2:1.

The reference time soale was provided by a calibrated commercial -
oscillator, whose output was applied to the oscll.loscopeand recorded
along with each gas-vlbraticn trace. The reference trace and the
gas-vibration trace were photographed on each frame by double exposure.
The reference frequency was set at 5000 cycles per second during all
tests.

Because, at a constant fuel-air ratio, considerable cycle-to-
cycle varlatlon was found ro occur In the frequency of knock-induced
cyllnder GaB vibrations, it was necessary to take the averege of
several traces as the freqtiencyto b~ ascrlb?d to n particular fuel-
air ratio. In each test between 12 and 16 traces were therefore
photographed at each cf’10 fuql-b~lrratios. All dnta were takerlat
barely audible knock intensity. Tiiefrequencies a- the photqjrnphod
vibration traces and the reference frequency traces were meesumd
with a projectcr havi~ a graduated dlatance scale. In all photo-
graphs showing definite knock, the five cycleo fOllOWi~ the c3cur-
rence of lmock were measured and compared wl~h five cycles of hhe
reference trace. In some .phototi~aphsno definite evidence of the
occurrence of hock appeared, but mild pas vibrations were visible;
In these cases the five cycles beginning at the normal crank angle
of hock occurrence were mea~ured. This crank angle was deteminsd
from the position at which knock occurred In other photographed
traces.

PRESENTATION CIFRESULTS

Types of vibration tmace, - Altbmgb all vibration-trace photo-
graphs were taken under lmock?ng condltlons, a considerable variety
of traces was observed. This variety was evident In each of the

. . .
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series of about 15 tracea photographed at a fixed fuel-air mtlo.
The tmces obtained were arbitmrlly dlvlded Into SIX t~s of which
five are represented in photographs reproduced in figure 6. In
these photographs, the A indicates the crank angle at uhlch knock
normally occurred.. The frequencies we the mean of the fIve vibra-
tion cycles immediately follo-ting A. The percentage distribution
of the types varied considerably with fuel-air ~tlo and depended
even more upon w%ether a shrouded or an unshrouded Intake valve was
used. Traces were classified according to the following descriptions:

T~e I (figs. 6(a), (b), and (c)): Definite hock preceded by
vlbratioms of medium amplitude relative to that of the knock-induced
vibrations. The t~e Is characterized by the occurrence of about 5
to 10 cycles of preknock vibrations followed by the sharp increase
and gradual decrease In vibration amplitude associated with the occur-.
rence of knock. The character of the preknock vibrations varied and
my be classified as follows: (a) amplitude lncreasi~ gradually
until knock occurs; (b) amplitude Increasing more rapidly and main-
taining an approxhnately constant value until knock occurs; and
(c) amplitude l~creasing rapidly and decreasing slightly before hock
occurs. These subtypes maybg seen, respectively, In figures 6(a),
(?)),ard (C). With an unshrouded valve installed, prelmock vibrations
of subt~e (c) decreased In amplitude much more sharply than appears
in figure 6(c) and were more frequent than in tests In which a
shrouded valve was used. The reaiity of prelmock vibrations has
been definitely established by analyses of high-speed motion pic-
tures of knocking cycles. (See reference 9.)

T~e II (flg~. 6(d), (e), and (f)): Definite hock preceded
by vibrations of amplitude a~i~~chlng that of the knock-induced
vibrations. Tne thres subtypes of preknock vibration described In
ths precedhg ~ragraph were also observed in this category; sub-
types (b) and (c) were the moot common, Figure 6(e) is especially
Interesting In that the normal knock-induced vibrations seem to be
superimposed upon the high-amplitude prelmock vibrations of sub-
type (b). ~~ewtraces of this ~ec~li~ character were enco~tered.

Type III (figs. 6(g) and (h)): Definite bock preceded by—.
vibrations having a small amplitude relative to that of tick-induced
vibrations. With the shrouded valve, this type was predominant In
the lean-mixture region. The amplitude of the preknock vibrations
appearir~ in this category is comparable with the amplitude of vibra-
tions encountered with inlet-air pressure several Inches of mercury
below ths hock limit.
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Type IV”(figs. 6(i), (J), and (k)): Gzmlual Inmease and
decrease In vibration amplitude wtth no definite evidence of the
Oocurrenca of knock.. Thle,t~e. of trace was predtnni+nt In the rich-
mixture region when the shrouded.valve was used. “’-About”on-e:fourtb
of the traces In th.1s category showed etidence of what seems to be
destructive interference similar to that encountered consistently in
typ V. (Cf. figs. 6(J) and (l).) When this Intetierence was ~ee-
ent It was impossible to detezmlne the frequency of the first five
cycles following the normal crank angle of tick occurrence becauee
the distanoe between peaks wae disturbed. This subtype, therefore,
IS not included In the det.ezminatlonof mean vibration frequenoles.
All other traces in thle category, however, are inoluded. The crank
angle of maxi.mumvibmtion amplitude, In most traoes of this type,
corresponded within cne vibration cycle %tiththe normal orank angle
& knock occurrence, which seem to indicate that hock ackually
occurred In most of these cycles but was of insufficient intensity
to Induce gas vibrations having amplitude greater than the ~eknock
vibrations.

TypeV (fig. 6(l)): Preknock vibrations followed by an abrupt
decrease in vibration amplitude tatthe normal crank angle of hock
oocm-rence. Th9 destnctlve interference evident In this type is
perhaps due to the occurrence of !tnock-hduced. vibrations whose
displacement is out of rha~e with that of prelmock vibrations. This
category was not included in d.etermlnationsof mean fuequencles.

Type VI (not shown): Vi3ratlons of amplitude too small for.—-.—
measurement throughout the preknock and lmock period. This t~e
was not Included In detennlnatlons of mean vibration frequencies.

Table III icia summary &* the type distribution of the photo-
graphed vibration traces for three fuel-air-ratio ra~es and for
tests with the shrouded and ti~ththe unshrouded valve. In the
determination of mean vibration frequencies, all traces of t~es 1,
II, and III were used and all tracea of type IV except those showing
destructive Interference. T~es V and VI were not included.

The relative distribution of the types showing definite knock
or large-amplitudegas vibrations Is seen to be dependent upon the
fuel=alr ratio, as well as upon the type of valve used. (The use
of the shrouded valve is known to increase the turbulence of the
charge and likewise the reproducibility of hocking cycles.) It may
be ooncluded that analyses of single knocking cycles, or aualyses of
knocking combustion basad on one set of engine conditions, should not
be expected to give results which are tfie for all lmocklrg cycles

——
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or any engine oondltione. It Is seen that the relative auuplltudeof
preknock vibration Is variable, even under mnstant engine condl-
tlone, and is quite Independent of knock intensity. These experi-
ments also Indicate that gas vibrations may occur independently of
the occurrence of knock.

Reliability of the frequ~ measurement.-The L?o?geamplitude
of the preknock vibrations appearing in •~—ti the recorded traces
was somewhat uzzexpectedand might be thought to re~esent spurious
vibrations due to Inadeqw%cies In ttiemechanical or electrical sys-
tems. An investigation of the transient characteristics of the
pickup and filter conbinatloa, however, dl~ not support this aseunp-
tlon. Traces obtained bymechanlcally tapping the pickup showed
sharp exponential decrease in am@ltude of vibration. In four cycles
the amplitude vas reduced to me-fourth that of the maximum cycle.
Because all photographed gas-Tibration traces showed a much more
gradual decrease, transient vibrations, if any were excited by tick,
were not dominant over gas-yossure oscillations. It seems possible,
however, that vibrations having frequencies near the natural fre-
quency of the pickup would be accentuated beyond thGir true relative
amplitude because o? resonance. This effect is apparently negligible,
since the traces In the medlua-mixt-urerange, where frequencies are
not near the natural frequency (abcut 6380 cps), had about the same
distribution In types a+ tre.seas did the rich-mixture region, where
frequenclee are near the natural frequency. The lean-mixture traces
showed more heavy-knock traces, but thts tendency Is recognized as
characteristic of the mixture ramge and not of the pickup.

Other evidence that the frequency and the relative amplitude of .
the prelmock and the knock-induced cylir~er gas vibrations are “
largely independent of pickup characteristics Is provided by the
reeulta obtained using a p$ozoulectric quartz pickug and a diaphragm
lnti~ctlon-typepickup. Both of these pickups recorded vlbratioas
whose frequencies were distributed over the same range as those
obtained wl.ththe magnetos~riction pickup. The types of trace
obtained were also similar, except that those obtained with the
quartz pickup showed very little evidence of Interference.

The Inltinl shock wave agsoclated with hock Is not recorded
on the photographed traces. Whena band-pass filter is used, a time
delay is to be expected for pulses havhg too sharp a time-of-rise.
This effect was plainly visible in all photographs show@ derinlte
hock and In the traces produced by machanlcally tapping the pickup.
The first cycle shcwlng an abrupt Increase In amplitude was always
lower than the second. The second, however, invariably had the
greateat amplitude, indicating that the time delay Introduced by
the filter circuit influenced the relative amplitude of only the
first cycle.
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Much of the frequency data reported herein was obtained with
the pickup located in the slanted top cylinder hole; the rest was
obtain-m.,wlthth?-pi@up in the hole opposite the spark plugs. The
“mean frequencies were found to be the saribin either-case within the
normal range of variation. That these frequencies shouldbe inde-
pendent of the locatlon of the pickup In the oylinder is to be
e~ected from the consideration that the gas vibrations include the
entire oombuetion space and should therefore at any instant have a
frequency determined by the average condition of the entire charge.

. In a preliminary test It was determined tJat the i.nteneltyof
knook had no noticeable effect upon the mean gas-vibration frequenoy.
Variations in inlet-air pressure up to 3 inches of mercury above the
barely audible lulocklimit rasulted in vibration frequencies whose
variation at constant fuel-air ratio wae over the came range as that
at barely audible knock. The occurrence of knock was also found to
increase the amplitude of the vibrations without altering their fre-
quencies beyond the extremes encountered at a given fuel-air ratio.
Traces showing no definite evidence of knock occurrence had fre-
quencies over the same range as those showing definite knock. This
fact indicates that the intensity of hock did not affect the aver-
age gae temperature appreciably. The destructive affects of knock
nmy therefore be due to datonatlon forces, chemically active products
of comDuetion, or to increases in heat-transfer rates rather than to
large Increases in the average gas temperature in the cylinder.

Frequency data. - Figure 7 is a plot of the frequencies of all
measured vibration traces in a single typical test run. A partial
erplanatlon of the obeel~ed frequency distribution at a fixed fuel-
alr ratio 18 probably to be found in the cycle-to-cycle variation in
fuel-alr ratio, turbulence, fuel mixing, and ignition lag. A meas-
uring uncertainty of about 100 cycles per second, due to the width
of the oscilloscope trace, further accounts for the spread. (A SiIIl-
ilar cyolic variation is evident in flame temperatures measured in a
Diesel engine by means of the newly developed electro-optical p~om-
eter, described in a paper “Fleme-TemperatureMeasurements in
Internal-CombustionEnginee” presented before the A.S.M.E. at a
Cleveland, Ohio meeting inl&y 1945.)

The mean frequencies and the tempemtures recorded by the plati-
num to platinum-rhodium thermal plug are plotted against fuel-air
ratio for tests run at inlet-air temperature of 150°, 200°, and
250° F in figure 8. It is seen that, although the scatter in mean-
frequen~y points is considerable, there is a definite and quite con-
sistent miation with fuel-air ratio. The shrouded-valve ourves
for inlet temperatures of 1500 and 200° F average two test runs; the
shrouded-valve curve for inlet temperature of 250° F averages three.
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FigUZW 8 al~ ~ol*H a PIOt~ t~ =- fiq~c~es ~ the
themal-plug t~=lnmes for the test in which the oharge waa fired
on alternate cycles and a plot of the mean frequenolee for the tests
run with an unshrouded valve. Of the unshrouded-valve teats, two
were run with a“spark advance of 20° B.T.C., as were all ehrouded-
valve testsj and one was run with a spark advanoe of 30° B.T.C.

Pressure data. - Figure 9 presents peak preasurea, air flows,
and indicated mean effective ~essures for each of the test condi-
tions for whloh frequency data were obtained. These data were
obtained on the same day as the frequency data for the corresponding
engine conditions.

Peak temperatures oalcul.ated from the peak-pressure curves of
figure 9 are plotted IL figure 10 for Inlet-air temperatures of 150°,
200°, and 2500 F. Figure 10 also includes the peak temperatures
calculated for the test in which the charge was fired on alternate
engine cycles and for the tests run with an unshrotied valve. These
tempemtures were calculated from the simple gas-law equation:

(5)

where

T peak temperature, %

P peak pressure, pounds per square foot

v volume of combustion chamber at average crank angle of peak
pressure, cubic feet

N number of moles of charge in the cyllnder

R gas constant, 1546 foot-pounds per mole per %

The molecular weights required to calculate N were obtained frcm
the calculations of percentage composition af the products of com-
bustion. (See ap&ndix B.) The curves of figure 10 are uncorrected
for the presence of residuals or for gas impetiections. For shrouded-
valve tests, V is the combustion-spacevolume at a crank angle of
10° A.T.C., which was the average orank angle of peak pressure. (See
fig. 12.) Similarly, for the unshrouded-valve tests, the combuation-
space volume at 14° A.T.C. was assumed for a s-k advance of 30° B.T.C.
and that at 20° A.T.C. for a spark advance of 20° B.T.C.

-— ,— ———- - ,.,, ,. ■ ■ l, -,.—- lm m 111 ,- ■ n-l ,
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m.gure11 ehc7wr3the. Eal.ertfxm bewm3n timtw’atim Camm3tlpl
from peak pt=efmrres and from presmareta exiatlng * after the peak “
and the ement to whlqh t.@ o~ctlopa far residuals and for gas
Imperfectionsaffect these tampemtures. The c&re6tifi W- -
applled to the peak-temperature curve obtained with a shrouded valve
at an inlet~air tanperature of 20@ T. The corrected preaaure-
derlved peak temperature for teats in whioh a shrouded valve was
used are In good agreement.with those obtained from th~odynamlc
oharts and tempe~tures 5° after the peak are about 200° F lower
than peak temperatures at the fuel-alr ratio of mximum tamperat-.
(Temperature~5° after the peak were calculated because they are
more nearly oamparable with frequency-dorlved tem~ratures, as
expl.alnedin the dlacueelon of fi&. 13.)

The crank angles of the arrival of the flame front at the rear
cylinder wall, of ~ak pressure, and of the average occurrence of
knock are plotted as functions of fuel-air ratio In fIgure 12. The
methods of obtaining the crank an@ee af average knock ocmrrence
and peak pressure have already been described. The crank angle at
whlch the flame front arrived at the rear cyllnder wall was deter-
mined by placing an ionizatIon gup in the cylinder hole opposite the
a~rk plugs. The curves show that peak preesure, knock, and the
completion of burning all occurred at a considerably later crank
angle when an unshrouded Talve waa used. It Is alao seen that,
although the average crank angle of knock occurrence wae, wtthln
experlmmtal error, the same as the crank an@e of peak pressure
when a shrouded valve was used, knock occurred cm the average sev-
eral degrees after pk prosaure when m unshrouded valve wae
Installed. With the shrcuded valve, the flame frent had traversed
the combustIon chamber about 8° crank angle (or about 750 mlcrosec)
before average lmoclsoccurred, except in the very rich-mifiure
region. This phenomenon was also mentioned in reference 9. With
the unshrouded valve the cyclic variation in the time of flame-
front arrival was too great to permit making a almllar comp?u?ison.

Ccmparlea of temperatwes. - Figure 13 is a comparison plot
of “(l>temperatures obtained from the frequency curves of figure 8;
(2) pressure-derived peak-temperature curves of figure 10; (3) peak
temperatures obtained from the thermodynamlo charts of references 6
and 10; and (4) the thermal-plug temperatures of figure 8. The cyl-
inder gas-vlbmtlon frequencies were converted to temperatures by .
ueing the chart shown In figure 4. These temperature should be the
mean temperatures of the cylinder gases over the portion of the
engine cycle represented by the five gas-vibration cycles followlng
the normal crank angle of knock occurrence. For the test run with
a shrouded valve the normal crank angle of hock occurrence was,

-—
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wlthln an error of 2° crank a@e, the same as the cmnk angle of
peak pressure. Inasmuch as the f Ive measured gas-vi?mation cycles
occupy about 5/6000 second, or about 9° cramk angle at an engine
speed of 1800 rpm, the average cyllnder gas pressure and volume

during these CYC1OS are those existing about 5° crank angle after
the attainment & peak pressure. lkanperat~~escalouiated from the
pressures and volumes extf3tingat this crank a@e were frm O to
4 percent lower thaiipeak temperatures; tineextent of the decrease
was ~eatest at the i%ei-e~v ratio of ?wdmum tampe~ature end less
at rloher and leaner mixtures. Correction of the pressure-derived
teunperatrxeafor the presence of residuals ad for high-pressure
gas Imperfections results in further decreases. These corrections
were calculated for orm tempe~ature curve by the methods outllned
in appendix C. The corroctlon factors for gas imperfectionsare
euuanarizedin table IV. The effects of these correotione on peak
tmporatures are shown in figure 11.

IUIXUSSION

The validity of the asswzptlons used to caloulate cyllnder gas
temperatures from cylinder gas-vibration frequencies may be Judged
from the following conside~=tlone: Fran figure 13 It Is seen that
the only engine condttton for which tempemtures calculated from
frequency data end frccnp.rossuredata ~-e In fai~ly close agrement
Is the me in which an mshrouded valve was used with a spark advance
of 30° B.T.C. The frequenc~-derivedtompe.ntures did not increase
whoa a skmouded valve was used, nor did they decrease when tho spark
was retarded to 2C0 B.T.C. with mn unshroxicxlvalva. The -y diffor-

once noted hetwoon ftmquenclas obtair~d with the s-hroudedvalve and
those obtained with an unshrouded valve was a shtft In the fuel-air
ratio at which maximum tamporature occurred. This shift was quite
conslstont throughout the cctnbustiblefuel-air-ratio rango in that
tho c~’rvoobtaf.nedwith an urdioudod valve at a spark advanco of
20° B.T,C. would coincide with that obtalnod tith a shroudod vslve
under tho same onglnc conditions If translated about 0.006 fusl-alr-
miio units. No such fuel-air-mtio shift appears In tmrperatures
calculated from pressure data, which indlcateH that tho explanation
lies In some offoct of the shrouded valve upon sound velocity In the
ccanbuetionchamber. The fact that frequenci~s stayed at about the
same values for the unshrouded as for the shrouded valve, whereas
temperatures calculated frcanpressure data changed greatly, Indlcatos
either that the dependence of cylinder gas-vibmtion frequencies
upon temperature is not so simple as was assumed or that the pres-
sw-e deta aro not dependable. Further investigatlonwlll be re-
quired before the factors affecting the frequency of these vlbra-
tione can be determined.
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It 1s Interesting to note, however, that frequenoy-derived tern-,
peratures exhibit a variation with inlet-air temperatwea similar
to that.of the mean thermal-plug temperatures. (See fig. 13.) The
decrease of these temperatures with increased i~et-ati tempratu&e
la to be expected from the consideration that the heat tran@er to
the cyllnder walls per unit charge weight decreaseg as the charge ,
weight is increased. (See reference 11. ) The fact t-t this effect
is noticeable In the frequency-derived temperature curves lndi=teS
that, under certain conditions, this method of determining cylinder
gas temperatures is quite sensitive. Temperatures calculated from
peak-pressure data do not reveal this effect. The spread between
the pressure-derived tempe~ture curves with the shrouded valve at
different Inlet-air tempraturss IS considerably greater near the
fuel-air ratio of maximum tempemture than that shown by curves
from the thermodynamic charts or by frequency-derived temperature
curves. This spread must be attributed to the greater experimental
error present in press~e-derived tem~ratures due to errors In the
pressure-indicatingapparatus and to uncertainties In the charge
weight.

Another Indication that under certain conditions frequency-
derived tem~e~tures behave according to the expectations of simple
sound theory Is given by the fact that higher frequencies were
obtained when the charge was fired on altewnate engine cycles. Al
increase In cylinder gas temperat~~es under tbeee conditions IS to
be sxpectqd because of the absence of exhaust-gas dilution. ThiS
Increase 18 also evident in the pressure-derived temperature curVeS.
The alternate-cycle flrlng test was run to determtne whether the
presence of residuals may have mused the difference in fuel-air
ratio between the peaks of the frequency-derived temperature curves,
and those of the curves obtained from pressure data and thermo-
dynamic charts. Figure 13 shows that the elimination of residuals
had no mtlceable effect on the variation of the frequency-derived
temperatures with fuel-air ratio.

The data obtained in this investigation cannot as yet be con-
sidered conclusive. Two phenomena revealed by these data remain
unexplained: the shift in fuel-air ratio of the frequency-derived
temperature curves when a shrouded valve Is replaced with an
unshrouded one and the fact that frequency-derived temperatures
remained ab~t the same in value under engine conditions for which
pressure-derived temperatures vsrled widely.

With regard to the dlesgresmsnt between pressure-derived and
frequency-derived temperatures, reference may be made to the data

. . . .. .— —.—. . . . . . — — .
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obta’,nedby Hershey and Paton (reference 12) by the aodlum llne-
reversal method. The experimental temperatures that they obtained
were, like the frequency-derived temperatures of the present invea-
tigaticn, frcun600° to 1000° F lower than the theoretical tanpera-
tures over the entire fuel-air-ratio range. Their data further
indicated that the effect of spark advance on peak temperatures was
very small, which is in agreement with the frequenoy-derived temper-
ature ti:tareported herein. These agreements argue well for the
valldl.tyof the method of determining gas temperatures from gas-
vibmtlon frequenoles and throw doubt upon the uccuracy of tempera-
tures obtained from pressure datu. Further determinations of t~-
poraturo by the line-reversalmethod may ‘befound In references 13
and 14, but these reports am not usGful for comparison because the
engine conditions that were varied were not the same as those varied
in this investigation. The temperatures, however, are, where com-
parison Is possible, In approximate agreement with the frequency-
derlved tmnperatures presented in this report.

SUMMARY OF RESULTS

The l’esults’ofthis tivestigation to determine the temperature
of cylinder ga~es from the frequency of knock-induced cylinder gas
vlbzatlons may be summarized as follows:

1. Tempemtures calculated from frequency data were in agreement
with temperatures measured by the spectral line-reversalmethod in
previous investigationsand wore about 700° F lower than temperatures
obtained from tbermodynamlc charts. Temperatures obtained from peak-
pressuro dnta were found to b6 In poor agreement with frequency-
derived temperature.

2. A maximum error of only about 3.5 percent would be intro-
duced in temperatures calculated from frequency data if the varla-
tlon of the ratio of specli’icheats with fuel-air ratio and temper-
ature were negleoted.

3. A maximum error of about 14 percent would be introduced In
frequency-derived temperatures if the variation of molecular weight
with fuel-air ratio were neglected. The variation of molecular
weight with temperature, howevex, is less than 2 percent between
2500° and 5000° F.

Aircraft Engine Research Laboratory,
National Advisory CmmIttee for Aeronautics,

Cleveland, Ohio.
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CCXRRECI-IONUF THE SOUMD-VELOCTI!YEQUATIONFOR

M the derlvatlaa of equation (4) for the

GAS IMPERFECI?ION8

relet ionbetween ,
freqaenoy and temperature, the Ideal-@a equation of state waB
assumed. In order to correct for the oharacterlstios of real gases,
the sound-veloolty equation should be written In the differential
fOznl

(’).2 =-E .%
M \dv/ad

(6)

where V and M are the malar volume and tinemolecular weight,
respective y, and (dP/dV)~ indicates adiabatic dlffe~entlaticn

of a correct equatIon of state. Us@ the Beattie-Brldg@aan equa-
tion and neglecting correction terns beyond the first order

P = I@ + RTB~@ - J@ (7)

where A. and B. are corsta.ntsdepend~ng
of the gas. Differenthtion with res~ect to

dP/dT = (R/V + RBo@2 )dT/dV - R@ -

For an adiabatic process

c.@T = -l?dV

where + is the specific heat at constant
tion (7) iS substituted in (9)

only on the composition
V yields:

(I?I’BO- Ao) 21V3 (0)

(9)

volme. When equa-

dT/dV = -R!T/c.@/V + B@2 ) + A@2~ “ (lo)

If equatime (8) and (10) are combined, the terns rearranged, and
since R/~ s y - 1, the velocity of sound In real gases Is

(’c2. ~ll+lfl 2Bo-

)

Ao(~ + 1) + %(7 - 1)
(w -

i \.. 7RT ye
1k) (~)
J:_



I

18

The last tcn?m

Table V gives

four fuel-air

NACA ~ No. E6AO”7

In tho brackets is found to bo negligibly small.

the correction tem l/V[2Bo - Ao(Y+l)/YRT] at
ratios for a typical test run using a shrouded vnlvo

and an Inlet-air temperature of 200° ~, with an asamed Y of 1.26.

The values of B. and ~ for the products of combustion
vere obtained by the snme method as that used for obtaining b’ in
append~x C; the constmts fm each constituent were obtained from
roforence 15. It is Been from table Vand equation (11) that the
correction for gas-law imperfections would lomr the i’roquency-
tiriVGd tmper~ture curves of figure 13 about 1.5 percent near the
puaks and clbout3 percent at th6 richest fuel-air mixture. At the
present stage of developmat of the process of obtaining temperatures
from gas-vibration frequencies, this corroctlon is oonslderod to be
of llttle signlficanco and has not boon applied :n th~ frequency-
temporature conputatlons.



CALCULATION OF THE COMPOSITION JUW)THE RATIO OF SPECIFIC

HEATS OF TEE PROMJCTS OF COMBUSTION OF FUEL-AJR

MIXTURES AT HIGH TEHPERA-

In order to determine accurately the values of 7 and M to
be used In oalculathg temperatures from frequency &ta, acourate
data had to be obtained on the composition of the cylinder charge
over the entire oombustible ~fuel-air-ratlo range at the temperatures
attained during carnbustfon. Because diseooiation and remmbination
equilibrium reactions tako plaoe to a notlceabls extent at theee
temperatures, it was rooognlzed that composition data obtained from
exhaust-gas analyses might not be valid for use In computing the Y
and M of the oharge. Some high-tempcmature composition data were
Calculated in 1936 by Hershey, Eborhardt, cindHottol (reference 6,
appendix B), but the assumed fuel composition (CH2@25)x -S different

from that used in this investtgatlon, and tho fuel-air rntios fOr
which ccmrpositioaswere computed coverod too smRll a range to be of
valuo. !IIMJmethod of reforonce 6, howuver, which is bused upon known
equillbri’umreactions und dissociation conat:-mts,was used to compute
the composition of tho products of ccmkustior.with dry uir of (CH2)X

fuel (H/C . 0.1.6ti),which is sjmilnr to that used in this lnvosti-
gation, over :L l,m~o tomporatura and fuel-air-rut.lo rr,nge. Tho equa-
tions used, derived in reference 6, are ELSfollows:

H20 =

m .

(x).

C02 =

H20(N2)@

%%

W2(N2 + ~@)
3.7(i@#J +92)

(CO)(H20)/l&2

—-..
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K&O/(H2)1/2

K3(H20/H2)2

K1(E2)
l/2

KJo2)@

.-—. .-.
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In these equatlona, the ohamlcal. symbols represent volume fractions
and the K’s mu dlssoci[~tion constants thut may be found as funo-
tions of temperature in roforonoe 6, avpmdix B. The constant A
depends on the total number of moles of 02 per carbon atom at the

fuel-air ratio and for tha pnrbicular fuel for which calculations
aro being made. For (CH2) fuel,

x

la5(wat,oic
A.

F/A
= 1.5 x o.068/(F/A)

where F/A is the fuel-air ratio and the subscript stoic indicates
the stoiohlomtric mixture. Cmputatiom wore mada for seven fuel-
alr rfiticsand for several tempmatures ~n the range from 2500° to
5000° F.

Tablo I summar.lzostho results of those calculations. In fig-
ure 1 the calculated compositions am comparod with those obtained
frcm the exhaust-gas analyses of rofmmce 16. It Is soon that the
two methods give very slmllar results and that the differences are
those to be cmpucted.frm a consideration of the dissociation equi-
libria existing at the higher tmpurature~.

If the poroontago composition of the charge and the specifio
heats of the constituents as a function of tempeomture are known,
It is possible to calculate ciweighted mean spuclfic heat, which
should be the speclfio heat c,ftho mixture of gases comprising the
products of combustion. Such calculationswere made over the ontira
fuel-air-ratio and temperature rnngo of Interest in this investigation.
The specific heats of the constituents hme been determined very
accurately from spootroscoplc data. A tabulation of the specific heats
of 02, N2, C02, CO, H2, and H20 from 600° to 5400° R may be found
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In references 17 and 18. The data on ~0 m faulty In refsrenoe 17
and should be obtained frm the oorreoted table in referenoe 18.
The epeoif10 heats of NO and OH were obt@wd_-fqqaq-the original
computations in-references 19 and 20, *s&ctlvely. X’igure3 Is a
plot of the specific-heat data used In the present cmuputatlonsi
The variation with pressure of these data is negligible, in the
Indicated temperatu& range, for pressures attained
cylinder. (See reference 15.) ,

The followlng
of the products of
ture T:

where

;. t3Deciflcheat

equaticm was used to oompute the
combustion at fuel-air.ratio F/A

in &n engine

specific heats
and tempera-

of the mmbustion products at F/A and T,
r

Btu/(mole)(oR)

v volume fraction of the individual constituent at F/A and T

CP speclfio heat of the individual constituent at T,
Btu/(mole)(oR)

The summatlone were made over the eight constituents shown in fig-
ure 3. The products O and H were not Included, inasmuch as
their contribution was found to be negligibly mall over the entire
fuel-air-ratio range. (See table 1.) From those weighted mean s@clfic
heats, the Wighted ~~ rat~g of s~cific heats of t~ mixture at
F/A and T was computed from the formula:

1-
7 = 6P (Cp - R)

where R equals 1.986Btu/(lb-mol.e)(%)

In order to be oo~istent in carrying out these oaloulations,
it would be neoessary to ~aloulate the percent- composition at
each of the temperature for whioh the weighted speolflo heats were
calculated. It is evident from figure 2, however, that the varla-
tlon of compositlon~th t~erat~ IS ve~ -11 relative to Its
variation with fuel-air ratio. If, therefore, a composition Is
assumed for a tqrat~ s~he~ in the range for which 7 Is
computed, no uppreclable error will result if the variation of com-
position with temperature Is neglected.

.“



Figure 4 Is a plot of the calculated values of 7 against
temperature for several fuel-air rat10s. The constant-frequenoy
lines were superimposed upon this plot by the use of equatlcm (4).
The ccanposltlonsassumed in calculating 7 are indioated by the
footnote in table I. The molecular weights used ard the resulting
Valuss of 7 are s~ Ized in table II.

.

Dr. Glenn C. Williams of lbssaclm.settsInstitute of Teohnolo~
has noted that, If y defined as the ratio of the speclfic heats
of the gases at equilibrlm Is replace~ by em “effective” 7
defined aB (aH/& )?/ (&/ti)V - where H is enthalpy and E is

internal energy - and calculated from themdynamic ohm?ts (see
reference 10), the result= cylinder gas temperatures msaeured
fram vibration fregusncies would he 4 to 7 percent higher than those
reported. The difference between the two methods lies in the inolu-
sicn of the point-to-point association and dissociation energy on
the themodynmi c charts, The actual temperature probably lies
between the extremes of the two methods.
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C(lRREO!lItONFJMXURS”P&? m4PiRATmEs cAICuIA!lmmoti

TEE SIMPLEGAS-LAWFoRMcnA T = PV/NR

The use of a modified van der Wails equation of state permits
the calmlation of the dis~repanoies from the Idenl.-gaslaw due to
high pl%SSUr9. This equation may be written as follows (see refer-
enoe 21, p. 2):

b - amT + 0.625 b2/V2 + 0.2869 b3/V3 + 0,1928 b4/@PVfiT=l+ v

Reference 21 presents (p. 51) a table of the van der Waals b’s
for all moleoules comprising the products of oombusticm at a temper-
ature of 6480° R and indioates that the assumption that these m
Independent of temperature in the range between 2700° and 9000° R
Is Justified. On the same page is a table giving values of PV/RT
as a function of b’p whero b’ Is the van der Waals constant of
the gas mixture being considered and P is Its density. The van
der WaalS a was, as in refergnce Zl, ccmside~d to be negligible
In the temperature range of Interest in this investigation.

The b’ for the products of combustion of a fuul-alr mixture
is the mean b, based on partial pressure, of the constituents:

where

b coefficient of Indlvldual oonstltuent, om3/mole

v volume fraotlon of individual mnstituent

M mean molecular weight of mixhrre

b’ resulting coefficient of mixture, om3/gram

The .ohargedensity was oalcukted from air-flow and fuel-flow data
at several fuel-alr ratios for a shrouded valve t~st at an inlet-air
temperature of 200° F. The values of the density correction faotor
PVfiT calculated for these conditions are summarized in table IV.

. .
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The oorrectlon for the presenoe of ~f3iati8 was Obt8fIM3dby
assuming the percentage of roalduals to be that given by the thermo-
dynamlo ohsrts of references 6 and 10 for the oonditione of a par-
tiouler test run. The oharts gave n percontege of ~sia~le varying
from about 4 percent in the lean-mixinu?eregion to about 2.2 peroent
at u fuel-air ratio of 0.065. ArIaverago valuo of 3 percent was
assmad for all fuel-air ratios, making the oomeotion factor for ,
the presenoe of residuals simply 1/1.03,.or 0:97.

In order to obtain tinetemperature of the oylindor gasos
5° czm.k angle after th6 attainment of peak pressure Lrcm the tem-
perature at pe~k pressure, the ~ak temperature must be multiplied
by the ratj.oof the product of pressure and Ivolume 5° after the
peak to the sam product at peak presauru.

These oonsldcn?ationsresult in the follcwing equation for
obtaining oorrected tmporaturas 5° after peak from uncorrected
temperatures:

where

T1

RT/PV

P2V2.

Plvl

T2

T2 s 0.97 (RT/PV)(p2v2/IIvl)T1

peak

uncorroctc,d peak temporatum

reciprocal of the density ccnnwction factor

pressure and volume 5° crmdc ongle after the attainment of
peak prossuro

~oak preseure and volumo

corrootad temporaturc 5d crank anglo after attainment of
peak pressuru

For e.shrcud~d-valve test run, with an Inlet-alr temperature of
2CO” l?,the effect of the v[iriouscorrection fcctors upon uncorrected
peuk tetc~raturos Is illuetratod in the plot of figure 11.
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CALCULATED COMPOSITION OR’TEN PROIXRJTSOF COMBUSTION WITE mY,.. . .. . . ---- ...-.

AIR OF AF~HAVING THE IKIRhQM(CE2)X

@gen-carbon ratio . 0.16f3J

Fuel-
alr
ratio

0.050

0.05

(?.07

0.08

0,09”

0.10

0.115

!emper-1 Percentage by volume

1800 I75.0 ~1.a5~104. I9.73! 9.7515.54 0
2200a 74.65i .0053 3.661 9.6915.03 .03
E600 .
3000 ~%: ; :%5

!?;:1?1 :?

2400& 174.QO.04
1~~() !;Z3 ~o.zs —11;;5T-1:5;; .lbi :Z
260ua 172.6 : .30
3oc)ti

-t

‘7i.4~ .64 I&! g~50! 79! 3:61
‘— –--1-–-- 5~-5~26JOa i&~5;l.25 :13.27, :1.10,0 .

3000 169.7 11.4C
-1—— ———

18& ‘“33.2i3.4C’
‘:.~?~:q~s
?12.50; 7.84 C

2600a ;6*;.112.70 t13.CW: 6,96 0 I 8;93
~~do ]67.6 !2.60

‘t

“12.571 6.511 .06 9.26—.—. .—.--
24CXla165.9 ‘4,55 +–— -:12.40 5.30!0 11.85
28i:0 165.6 14.40 !12.40! 5.1OIO 11.93

1500 162.6 !8.5C llg.& 4.43’0 . .I
2200a 162.6 ,7.90
2400 62.6 17.80
2s00 62.4 i7.60
3000 ;62.3 17.60

~:jl;;:~ ~:

NO IOHIHIO

I I00 ‘o o
.63 .24 00

1.29 ,81,0 .05
2.1’/11.891.071 .24

o.4210.42ic 10
—- ,
0 ii) h -t6---

-4-.26 .?2: .02 .01
.34 1.461 .13 .11

.11. .32~0 O

s“6m ‘1’ “o?
COoo

+f

.03 .i4 .07 0

.24 .78! .26 ,03

0 OOOCJIO o—

,C5 .26 .lU o

0 !0

--1-
;0 o

0 .02‘o
o .031 .05:
.04 .3~~ .27 0

.07 .39! .45 .01

%e composltlone for these temperatures ere the ones used In coqmtlng
the ratios of epecifio beats of the oombwtion products.

National Advleory Cammlttee
for Aeronautics

1
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!3!ABLEII

. ,.
c& ti -Lti ti~ AND RATIO OF f3EECIRiC

HEATS OF TEE PRODUCTS OF COMBUSTION WITHIRY

AIR OF AFCELHAV3J!lG THE FORMULA (CH2)X

-Ogen-oarbon ratio .0 .163]

Fuel-airlTempern

0.05 2500
3500
4500

I 5000—
0.06 2500

35U0
4500

I 5(200

0.07 2.560
3500
45i10

L5GO0—.
O,od 2500

3500
4500

I 5000

Y

1.2713
1.2592
1.2521
1.2498-—
1.2663
1.2542
1.2%72
1.2449

Mean l~l?uel-air

%+

2S:62 II28.35 ,

Temper-
ature

2500
3500
4500
5000

2500
3500
45CW

I
5CJO0

7

1.2741
1,2611
1.2537
1,2512

1.2780
1.2657
1.2582
1.2557

1,2646
1.2526
1.p455
1.2<?52

28,62 ~! 0.11 I 2500 1.2832
2.I.57 ~1 3500 1.2697
23,3G :1 45G0 1.2620
28.(M. II 5000 1.2534

Me&m
~olecular
Wellqht

27.14
27.12
27.02
26.92

26.42
26.42
26.34
26.26

25.80
25.80
25.74
25.67

23,20
25.23
25.16
25.10

Natlonml Advlaory Committee
for Aeronautics
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PERCENTAGEMSIRIBUT‘ION OF TEE SIX

III

TYPES OF PH~ CYLINDER-GAS

VIERATIONTRAOEsm THmE FUEL-AIR-RATIORKmEs m FOR TESTS

USINGA SHRO- AND P! UNSHROTUllEDIN’IAHEVALVE

Fuel-alr- 1Type of ln-

1rat10 range take valve

I
I

T

0.045-0.070&h2?ou?ed-
u?ishroudea

0.070-0.095 Ehrou?.od
Unshrouded

Distribution, pe~”cent

~

Type1Type Type Type ~Type
I II III IV V—.
21,2 5.5 43.6 19.1: 3.6
8.8 1.6 12.0~24.01 ,1

i i
26.0114.6’ 6.l!34.1~ 9.5
,.0 5.2!16.7!31.01 5.2-1

Z~.U 12.9 6.3 40.3 ,10.0
I I1?.2. 5.1 13.3,55.8: Sol

‘Numberof

+

tracea
me considered
VI I
6.8i 236

7.7 392
34.9 191

I I
&.5

I
365

28.5 98

National Advisory Committee
fcr Aaronautios

.
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Lc#imErv

OAICUIA!EBDIllBfHITX-CORRECTIONFACIKIFlFOR THE EQUATION
.

OF STA!I!EF(IRATYPICALTMTRUN

[Inlet-air temperature, 200° B’]

Fuel-
alr
~t~o.—
0.045
.055
.065
.075
.085
.095
.105
.115
.125——

105.7x 10-~
56.0
50.6
55.4
65.7
77.4
89.5
104,8
J.J!I.3

x aeneity

1.19ti
1.17-!
1.165
1.164
1.16t3
1.17t3
1.193
1.212
1.23”/——

12.6 X 10-3
6.6
5.9
5.9
7.7
~.1
10.0
12.7
14.7-.—-—

1.0128
1.0067
1.0060
1.0060
1.0078
1●0093
1.0110
1.0129
1,Olso——.

%btainud from te.bleXIII, rofbron.oe 21, 1).51.

II.09.76076$3 .094 62.6 ●0211
,1.I.5.7E0 682 .096 40.0 .0312

National Advisory Caumittee
for Aeronautics
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MACA ARR NO. E6A07 Fig. I
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2
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— Cnlculatoa(●aeappendix B)
---- Exhaust-gaa amlysle

I

I

-,04 .05 .06 .07 .W ●W .10 .11 .12 .13
Yuel-slrratio

Pigure1.- variati~~ ~beproducts of cmbustion with fuel-air ratio. Reactants,
dry air UM (~)x fuel. CompMtiom were calculated by the method of referenmo 6
for the temperatures indiomted by therootno~eintable 1. Exhaust-gas analYSi8
from referonoe 16.
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NACA ARR No. E6A07 Fig. 5

I NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure 5. - Sketch of the CFR cylinder used in this in-
vestigation showing the location of the spark-plug holes
and the position of the shroud when a shrouded intake
valve was used.



NACA ARR NO. E6A07 Fig. 6a,b.c

(a) Type 1; fuel-air ratio, 0.0795;
frequency, 6818 cycles per second.

(b) Type I; fue i-air ratio, 0.0643;
frequency, 6750 cycles per second.

N ACA
C. 11804
8-10.45

[c) Type 1; fuel-air rati O, ().0853;
frequency, 6897 cycles per second.

Advancing crank angie is toward the right.
The indicated frequencies are the average
of five vibration cycles fol io wing A.

Figure 6. - Pho’togr”aphs’ of the’ five” types of cylinder gas-

vibration traces obtained under knocking conditions. Cal-

ibration frequency, 5000 cycles per second; magnet ostric-
tion pickup; 4000 -i 0,000 cycles per second band-pass fi 1-

ter; CFR cylinder; shrouded intake valve; inlet-air tem-

perature, 200° F; engine speed, 1800 rpm; comp ress ion

ratio, 7.0; spark advance, 20° B. T. C.; coolant temperature,

250° F.

I



NACA ARR No. E6A07

,,

(d) Type 11; fuel-air ratio, 0.0795;

frequency, 6930 cycles per second.

(e) Type 11; fuel-air ratio, 0.0853;
frequency, 7000 cycles per second.

‘ C!?l%bs
8-10.45

Fig. 6d,e, f

(f) Type II; fuel-air ratio, 0,1052;
frequency, 6775 cycles per second.

Advancing crank angie is toward the right.
The indicated frequencies are the average
of five vibration cycles foi lowing A.

Figure 6. - Continued=
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NACA ARR No. E6A07 Fig. 6g, h,i

&

(g) Type III; fuel-air ratio, 0.0472;

frequency, 6240 cycles per second.

(h] Type lil; fue i-air ratio, O.li 52;

frequency, 6430 cycles per second.

NACA
c-11806
8-10-45

(i) Type iV; fuel-air ratio, 0.0853;
frequency, 6578 cycles per second.

Advancing c’rank angle is toward the right.
The indicated frequencies are the average
of five vibration cycles following A.

Figure 6. - Continued.



NACA ARR No. E6A07 Fig. 6j, k,l

(j) Type IV; fuel-air ratio, 0.1052;

frequency, 6950 cycles per second.

(k) Type IV; fuel-air ratio, O. 1052;

frequency, 6725 cycles per

(1) Type V; fuel-air ratio, O.

second.

\

NACA
c. 11807
0.10-45

I152;
frequency, 749o cycles per second.

Advancing crank angle is toward the right.
The indicated frequencies are the average
of five vibration cycles following A.

Figure 6. - Concluded.
.,
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Figure 7. - Dlstrlbutlon of the frequencies of all measurable cylinder gas-vlbratlon traces In
a single typical test run. O’FR cylinder; shrouded Intake valve; Inlet-air temperature,
20ff’F; engine s~eed, lgOO rpm; compression ratio, 7.0; spark advance, 20° B.T.C.; coolant
temperature., 250 F.
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Figure g. - The variation with fuel-alr ratio of the mean oylinde-gas-vlbratlon frequenoy and the mean oylinde-gaa temperature

recorded by a platlnum to platinum-rhodium thermal plug. WR cylinder; engine speed, MOO rpm; compression ratio, 7.0: ooolant
temperature, 250° F.
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MA CA ARR No. E6AOT Fig. 9
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Figure 9. - The variation of peak pressure , %lr flow, and indl=ted mean effective Pressure

with fuel-air ratio ror each engine condltlon for which fre uency data were obtained.
CFR cylinder; engine speed, 81800 rpm; compression ratio, 7. ; coolant temperature, 250° F.
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~e 10. - The variation with fuel-air ratio of the peak temperature ealoulated fran the peak-pressure data of figure 9 for eaoh

of the engine oonditionc for which frequenoy data were obtained. ~ cylinder; engine speed, MOO rpa; caspressioa ratio, 7.0;
ooolant temperature, ~ ~.
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Figure 11. - Errecr or corrections on prassure-darlved peak temperature and on temperature 5° crank angle after peak pressure.
CFR cylinder; shrouded intake ~al~e; Inlet-air temperature, 200° F.
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Arrival of flame front at rear cylinder wall
(vertical lines indicate range of cyclic variation)
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O Peak cylinder-gas pressure, shrouded valve
A Peak cylinder-gas pressure, unshrouded valve
0 Average occurrence of knock, shrouded valve
V Average occurence of knock, unshrouded valve
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Fuel-air ratio
Figure 12. - Orank angle of the arrival of the flame front at the cylinder-wall opposite

the spark plugs, the peak preesure, and the average occurrence of knock as functions
of fuel-air ratio for teats run with a shrouded and with an unshrouded valve. OFR cyllnd
inlet-air temperature, 200 0 F; engine epeed, MM rpa; compression ratio, 7.o; spark advs
~o BeT. C.; coolant temperature, 2500 p.
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Figure 1>. - Ccaparison of temperatures calculated from cylinder-gas vlbratlon frequencies,
uncorrected peak temperatures calculated from peak-pressure curves, peak temperatures
obtained from thermodynamic charts, and mean cylinder gas temperatures recorded by a
platinum to platinum-rhodium thermal plug.
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